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ABSTRACT 
This paper implements modification of tungsten oxide film using ion implantation and a physical characterization of the 
film. The film was implanted with nitrogen at energies between 10 keV and 40 keV and ion dose range 1014–1016 cm-2. 
The surface morphology of the film after implantation has been modified as observed using electron microscopy. The 
transmittance of the film was found to decrease with increasing implantation energy and ion dose as measured using 
conventional spectrophotometer. Depth profile of nitrogen was analyzed using Secondary Ion Mass Spectroscopy 
(SIMS) and found a peak of nitrogen across the depth of the implanted layer. The amount of nitrogen was found to 
increase with increasing ion dose and energy. From electron diffraction a broader diffraction rings were revealed from 
both the implanted and un-implanted layers, indicating that the crystalline properties of the tungsten oxide film after ion 
implantation remains the same.  
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1. INTRODUCTION 
Tungsten oxide is one of the most extensively studied materials in the field of photocatalysis, as the working electrode in 
electrochromic devices and gas sensors [1-6].  In the bulk, pure tungsten oxide has an indirect band gap of 2.6 eV. It 
behaves as an n-type semiconducting oxide due to non-stoichiometry whose excellent chemosensitivity toward reducing 
gas pollutants.  As a metal oxide it shows excellent chemical stability and resilience to photocorrosion effects.  Most of 
the recent publications studied the properties of tungsten oxide under different gases such as nickel dioxide, carbon 
monoxide, ozone, ammonia and hydrogen oxide [7]. The sensing properties of the oxide film depend on its 
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microstructure including particle size and distribution, surface morphology and defect structure. Efforts have been made 
to increase the gas sensing properties of tungsten oxide films through the reduction of grain size. Gas detecting 
sensitivity also depends on the reactivity of film surface. Reactivity is enhanced by the presence of defects and active 
species on the surface of the films. It has been shown that inclusion of different doping metals in the tungsten oxide films 
increased the sensitivity to specific gases. The properties of the sensor can be modified by increasing the adsorption of 
gas species through surface engineering as sensors are strongly influenced by the presence of oxidizing or reducing gases 
on the surface [8].   
 
Implantation can cause changes in surface composition, morphology and chemical bond structure leading to the 
formation of new compounds and can also be an effective method to improve mechanical and chemical properties [9-14]. 
It has been reported that implanted films show a reduction in the optical band gap of the films [15-17]. This papers 
reports on modification by ion implantation of tungsten oxide films and physical characterization of the films. The 
surface morphology and crystalline properties of the implanted tungsten oxide film were analyzed using Transmission 
Electron Microscopy (TEM). UV-Visble spectrophotometer was used to measure the optical properties (transmittance) of 
the film. The distribution and amount of nitrogen in the film were investigated using Secondary Ion Mass Spectroscopy 
(SIMS) depth profiling. 
 
2. EXPERIMENTAL PROCEDURE 
2.1. Sample Preparation 
Samples of tungsten oxide film were cut in to 3x2 cm size and mounted on a rotating sample holder for ion implantation. 
The samples were attached to the sample holder to make good electrical ground contacts and reduce charging effects 
during ion implantation. Implantation of the films was performed in a 50 cm diameter vacuum chamber. The chamber 
including the ion source was evacuated by mechanical, diffusion and cryo pumps to a base pressure of about 2 x10-6 
Torr.  After achieving the required vacuum, nitrogen gas was allowed into the chamber via separate mass-flow-
controlled inlet and the partial pressure was increased to about 5 x10-6 Torr. The nitrogen gas was ionised using Freeman 
ion gun to create ion beam and the beam was monitored for different ion masses using a magnetic field ion mass 
analyser. Ion current was measured using Faraday cup in the chamber and can be adjusted before starting implantation 
using the gas flow. Various samples were implanted at normal angle of incidence using ion energy between 10 keV to 40 
keV. The target (sample) current was maintained below 1 μA. Uniformity of the implanted sample was assured by 
sweeping the sample across the ion beam. Different samples having ion dose range between 1014 to 1016 cm-2 were 
obtained.  
 
2.2. Sample Characterization 
The present work focuses on a systematic study on change of morphology of tungsten oxide film by ion implantation and 
a physical characterization of the film. The surface morphology of the film after implantation was observed using 
transmission electron microscopy (TEM). The TEM analysis determined the structure, grain size and implanted layer 
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thickness of various films. Reducing the grain size of the tungsten oxide layer is one of the key factors to enhance the gas 
sensing properties. Elemental analysis and electron diffraction of the film along the cross-section of the films have been 
investigated.  Optical properties of the implanted films were measured using conventional spectrophotometer using 
Varian Cary 50 UV-Visible spectrophotometer in the wavelength range 300 to 1100 nm at normal angle of incidence. As 
a reference, 100% baseline signals were displayed before each measurement of transmittance.  
 
The distribution and amount of nitrogen in tungsten oxide film was investigated using Secondary Ion Mass Spectroscopy 
(SIMS) depth profile.  Nitrogen implanted tungsten oxide samples were studied using the Australian Nuclear Science 
and Technology Organisation’s (ANSTO) Cameca ims5f dynamic SIMS, following the method described by Metson and 
Prince [18]. Analysis was carried out using a Cs+ primary ion beam of +7.5 kV and a sample voltage of +4.5 kV. A beam 
current of approximately 50 nA was rastered over an area of approximately 250 x 250 μm and secondary ions were 
detected from an area of 30 microns centered within the etched crater. Secondary ions of 12C, 14N, 16O, and 184W were 
monitored as adducts to Cs+ ions re-sputtered from the sample as MCs+ species (where M is the matrix element of 
interest). Etching was stopped when the intensity of W sharply dropped to zero, which indicated that the total thickness 
of the tungsten oxide film has been etched. Calculations using SRIM-2003 simulation have been performed to 
investigate the distribution and penetration of  nitrogen ion in the tungsten oxide film and compared with experimental 
results.  
3. RESULTS AND DISCUSSIONS 
3.1 Film Microstructure  
The morphology of the tungsten oxide film before and after ion implantation was observed using transmission electron 
microscopy (TEM). Fig. 1a shows cross-sectional TEM image of tungsten oxide film on conducting substrate before ion 
implantation.  
    
Fig. 1 Cross-sectional TEM image of nanocrystalline tungsten oxide film, and electron diffraction of the film (A) and the 
conducting ITO layer (B). 
A
B
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The film is about 200 nm thick and the conducting layer thickness is 100 nm. The film is composed of nanograins 
connected through necks, forming a dense microstructure.  From the electron diffraction (Fig. 1) the film is 
polycrystalline and the first diffraction ring appeared to be broader compared to the diffraction patterns of the conducting 
substrate. The average intensity of the diffraction patters over each circular region decreases with increasing the radius of 
the rings. 
 
Fig. 2 shows cross-sectional TEM images after ion implantation at energies of 10 keV (Fig. 2a) and 40 keV (Fig. 2b) 
having ion dose of 1016 cm-2. As shown in the figures the surface morphology of the 40 keV implanted film has 
significantly been modified by ion implantation but only surface modification of few nanometer thickness can be 
observed from the 10 keV impanation. The implanted layers have been estimated to be about 20 nm and 100 nm for the 
10 keV and 40 keV implanted samples, respectively.  
 
    
  
   (a)     (b) 
Fig. 2 Cross-sectional TEM images of nanocrystalline tungsten oxide film implanted at (a) 10 keV and (b) 40 keV.  
 
From electron diffraction analysis, circular diffraction rings have been obtained for the implanted layer as shown in Fig. 
3. Broader diffraction rings, which are similar to the diffraction pattern observed in Fig. 1 are observed for the implanted 
layer.  The diffraction patterns have not been affected by the ion implantation which are indicative that the crystalline 
properties have not been changed by the ion implantation. 
 
implanted 
unimplanted unimplanted 
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Fig. 3 Electron diffraction of nitrogen ion implanted tungsten oxide film shown in Fig. 2b (40 keV).  
 
3.2 Compositional Analysis  
The distribution of N, O and W for the nitrogen implanted tungsten oxide film was investigated using SIMS. Fig. 4 
shows depth profile of a 10 keV implanted sample as a function of etching time between 0 and 500 s. The sample has 
nitrogen ion dose of 1016 cm-2. The O and W signals increase sharply at the surface of the film, then reach constant 
values before finally dropping at the film-substrate interface. The intensities for O and W are much larger than the N 
intensity, which indicates the small amount of nitrogen in the film. The N profile for the 10 keV implanted film has 
shown a distinct peak after about 20s of etching . For clarity the intensity of nitrogen has been magnified as shown in the 
figure. The time required to etch the total thickness of the tungsten oxide film (200 nm) was about 350 s at a sputter rate 
of about 0.57 nm/s. 
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Fig. 4 Depth profile of N, O, and W for a 10 keV nitrogen ion implanted tungsten oxide film analysed using SIMS for 
etching time up to 500 s. For clarity the intensity of nitrogen has been magnified as shown in the figure. 
 
 *Corresponding author Email: t.tesfamichael@qut.edu.au 
 
6
Fig. 5 shows nitrogen depth profile of tungsten oxide film implanted at 10 keV for various ion doses as shown in the 
inset of the figure. The profile is corrected by subtracting the  intensity of the un-implanted sample from the intensity of 
the implanted sample.    The concentration of nitrogen was found to increase with increasing ion dose having a 
maximum concentration at about 10-11 nm beneath the surface of the film (sputter time 15-20 seconds).  However the 
overall shape of the N-concentration curve suggests a broad shoulder extending to 30nm. The intensity of nitrogen drops 
to almost zero after etching the film for about 100 s (about 57 nm).  
 
Using the SRIM-2003 simulation code, the distribution of nitrogen in the tungsten oxide film (density of WO3=7.2 
g/cm3) produced from 99,999 incident N+ ions using energy of 10 keV was calculated.  Fig. 5b shows a skewed gaussian 
curve having an intensity maximum located at about 20.5 nm from the surface of the film. From the calculation the 
penetration depth of nitrogen was about 60 nm which is comparable to the experimental result (57 nm). 
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Fig. 5 Depth profile of nitrogen implanted at 10 keV for various ion dose range between 1014-1016 cm-2. 
 
The depth profiles of nitrogen from both the theoretical  (Fig. 5b) and experimental (Fig. 5a) investigations were found 
to be similar with, but,  significant shift of the peak positions. The penetration depth of the 10 keV implantation is low 
and thus increased surface effects (ie compositional and structural effects) can influence the implantation. During low 
energy implantation the enrichment of the implanted layer may be accompanied by the production of radiation defects 
and lattice imperfections which lead to structural change within the near surface of the film. 
 
Fig. 6 shows a nitrogen depth profile of samples implanted  at 30 keV (Fig. 6a) and 40 keV (Fig. 6b) for various ion 
doses. The profile is obtained by subtracting the intensity of the un-implanted sample from the intensity of the implanted 
sample.  For all the samples the intensity of nitrogen sharply increases at the surface of the film and observes a distinct 
peak for each sample before dropping to almost zero after etching the film for about 300 s. From the figures it can be 
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observed that the intensity of nitrogen significantly increases with increasing implantation energy and ion dose.  The 
higher the does, the larger is the intensity detected closer to the film-substrate interface.   
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Fig. 6 Nitrogen depth profile of tungsten oxide film implanted at different energies  (a) 30 keV, and (b) 40 keV and 
various ion dose range between 1014-1016 cm-2.  
 
3.3 Optical Properties 
Fig. 7 shows transmittance of nitrogen implanted tungsten oxide film measured in the wavelength range 300 to 1100 nm. 
The films were implanted at 10 keV (Fig. 7a) and 30 keV (Fig. 7b) having ion dose range 1014–1016 cm-2 as shown in the 
figure. The spectrum of the unimplanted sample is also shown. With increasing ion dose the transmittance decreases in 
the measured wavelength range. The decrease in transmittance is large for the 30keV implantation compared to the 10 
keV implantation. A similar trend was also observed from samples implanted at 20 keV and 40 keV. As observed by 
TEM, the crystalline properties of the tungsten oxide film remains similar before and after ion implantation of the film.  
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Fig. 7 Transmittance of tungsten oxide film implanted with nitrogen at energies of (a) 10 keV and (b) 30 keV and ion 
dose range 1014 to 1016 cm-2. 
 
Tungsten oxide has an indirect band gap of 2.6 eV corresponding to an absorption wavelength of 475 nm which gives a 
transmittance minimum at this wavelength as shown in Fig. 7 for the unimplanted sample. After ion implantation the 
depth of the minimum value decreases and a shoulder is created indicating an increase of absorption below 475 nm. The 
decrease of transmittance can be due to defects in the films introduced by the ion implantation. The absorption increases 
with increasing ion dose and/or implantation energy (see Figs. 7 and 8). 
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Fig. 8 Transmittance of tungsten oxide film implanted with nitrogen at different energies between 10 keV to 40 keV for 
an ion dose of 4x1015  cm-2. 
 
 *Corresponding author Email: t.tesfamichael@qut.edu.au 
 
9
CONCLUSION 
Nanocrystalline tungsten oxide films were implanted with nitrogen for ion energies between 10 keV and 40 keV and ion 
doses of 1014 and 1016 cm-2. The surface of the implanted film was modified and less dense structure was observed from 
the implanted layer.  The crystalline properties of the film has not been altered significantly by the ion implantation. The 
transmittance of the films decreases with an increase of ion dose and energy. The decrease of transmittance can be due to 
defects in the films introduced by the ion implantation. The overall results in this paper showed an increase of nitrogen 
concentration in the tungsten oxide film by increasing ion dose and implantation energy. It will be important to 
investigate the combined effects of the above results on the performance of the film for photocatalysis and gas sensors 
device applications.  
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